Two hantavirus strains, MF43 and MFll3, isolated from Microtusfortis trapped in the Khabarovsk region of far-eastern Russia, were analysed by direct nucleotide sequencing of PCR generated fragments of the M and S segments, by immunofluorescence and by focus reduction neutralization tests (FRNT). The nucleotide sequences revealed that the two isolates were closely related to each other but distinct from all other hantaviruses. Phylogenetic analysis of the M and S segments showed that the MF strains form a separate branch in the Hantavirus tree, positioned between the branches of Prospect Hill and Pnumala viruses. The strains were shown to be serologically distinct from the other hantavirus serotypes by FRNT using immune rabbit sera. Puumala virus was the closest relative, both genetically and serologically. We propose that this new hantavirus serotype should be named Khabarovsk (KBR).
Introduction
The genus Hantavirus in the family Bunyaviridae consists of at least eight different serotypes: Hantaan (HTN), Seoul (SEO), Puumala (PUU), Prospect Hill (PH), Dobrava (DOB), Thottapalyam (THOT), Thailand (THAI) (Chu et aL, 1994) and Sin Nombre (SN) (Nichol et al., 1993; Xiao et aL, 1993 a; Spiropoulou et al., 1994; Hjelle et al., 1994) . In addition, several viruses potentially representing new serotypes have recently been reported, including Tula (Plyusnin et al., 1994a) , MF (Dzagurova et al., 1995) , E1 Moro Canyon (ELMC) (Hjelle et al., 1994) , Black Creek Canal (BCC) (Rollin et al., 1995a) and Bayou (BAY) Khan et al., 1995) . Most hantaviruses are associated with rodent vectors and their distribution appears to be species restricted. The main reservoirs for HTN, SEO, PUU, PH and SN and BCC viruses have been determined to be * Author for correspondence. Fax +46 8 7303248. e-mail Jan.Horling@smi.ki.se
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Apodemus agrarius, Rattus norvegicus, Clethrionomys glareolus, Microtus pennsylvanicus, Peromyscus maniculatus and
Sigmodon hispidus, respectively (Childs et al., 1994; Roltin et aL, 1994a; Ravkov et al., 1995) . The main reservoirs for DOB, THOT, Tula, MF and ELMC viruses have not yet been determined, but the viruses were associated with rodents of the following species: A. flavicollis, Suncus murinus, M. arvalis and M. rossiaemeridionalis, M. fortis, and Reithrodontomys megalotis, respectively. The THAI virus was isolated from bandicoot rat, Bandicota indica (Chu et al., 1985) .
The hantaviruses are enveloped, single-stranded RNA viruses with a trisegmented genome with a negative polarity (Schmaljohn et al., 1985; Elliot et al., 1990) . The genome L(arge), M(edium) and S(mall) segments are packed in helical nucleocapsids and encode at least four structural proteins; the RNA polymerase (Schmaljohn & Dalrymple, 1983; Antic et al., 1991) , a glycoprotein precursor (GPC) cotranslationally processed into two glycosylated envelope proteins (G1 and G2) (Kamrud & Schmaljohn, 1994 ) and a nucleocapsid protein (N) (Elliot, 1990) , respectively. Several of the hantaviruses are associated with a group of diseases referred to as haemorrhagic fever with renal syndrome (HFRS), charac- Several of the newly identified hantaviruses have not as yet been associated with any human disease, and the current understanding ofpathogenesis is low. To increase our knowledge of hantaviruses, we investigated strains isolated from Microtus fortis in far-eastern Russia, by nucleotide sequencing, immunofluorescence and neutralization tests.
M e t h o d s
Virus and antisera. PUU virus strains Sotkamo (Vapalahti et al., 1992) and 83-L20 (Niklasson et al., 1991) , virus strains MF43/Khab-89 and MF113/Khab-90 (Dzagurova et al., 1995) , PH virus (Lee et al., 1982) and HTN virus strain 76-118 (Lee et al., 1978) were propagated in confluent monolayers of Vero E6 cells (CRL 1586; ATCC). The cells were maintained in Eagle's Minimal Essential Medium supplemented with 2 % fetal calf serum (FCS), 2 mM-L-glutamine, 60 ~tg/ml penicillin and 100 gg/ml streptomycin. Antisera to each virus strain were produced by intranasal inoculation of New Zealand White rabbits as described previously for rabbits of chinchilla breed (Niklasson et aL, 1991) . Sera were collected 2-3 months after infection. To achieve adequate neutralization titres, the rabbit inoculated with MF43 was boosted by intramuscular injections of virus, partly purified by ultracentrifugation (40000 g, 2 h) of infected cell supernatants. Serum from a rat immunized with strain MF43 was kindly provided by Tom Ksiazek, CDC, Atlanta, Ga., USA.
Immunofluorescence assay (IFA) . An IFA, as described previously, (Niklasson & LeDuc, 1987) was used to check the status of the immunized rabbits and for a cross-reaction study. Briefly, spot slides were prepared by incubating virus on Vero E6 cells for 14 days for strains MF43, MF113, PUU Sotkamo and 83-L20, 8 days for PH and 9 days for HTN 76-118, respectively, before applying the cells to microscope slides. End-point titres were determined by incubating with rabbit sera in fourfold dilutions, starting from 1:40, at 37 °C for 1 h in a moist chamber, followed by FITC-conjugated goat anti-rabbit IgG, and incubation as above. The slides were washed five times in PBS between each step. Specific antibody binding was visualized by fluorescence microscopy.
PCRs and nucleotide sequencing. RNA from the infected cell supernatants was extracted by the acid guanidinium thiocyanatephenol~hloroform method (Chomczynski & Sacchi, 1987) . The samples were kept in 70 % ethanol at -70 °C until used. Nucleic acids were precipitated by centrifugation at 20000g for 20 min at 0 °C in micro reaction tubes (Perkin Elmer Cetus). RT PCR was pertbrmed as a 'one tube reaction'. Briefly, a 0-5 t~M concentration of each primer, 5 U of Rous associated virus 2 reverse transcriptase (Amersham), 10 U of placental ribonuclease inhibitor (Gibco BRL), 1 mM of each dNTP, 2 U of Taq polymerase (Perkin Elmer) and 5 mM-MgCI~ in 100 gl of PCR buffer (10 mM-Tris-HC1, pH 8.3, 50 mM-KC1) were incubated for 42 °C for 1 h, 95 °C for 2 min followed by 40 cycles of 94 °C for 1 min, a suitable annealing temperature for 1 rain, and 72 °C for 1-5 min.
For the M segment, 1165 nt of the coding region were amplifed and sequenced in the form of three overlapping PCR fragments, nt 2014-2346, 2300-2810 and 2668-3100. A hantavirus genus-specific PCR (Xiao et al., 1992) was adapted and modified for nt 2014-2346.
The 1148 nt of the coding region of the S segment of MF43 was amplified and sequenced as above in three overlapping PCR fragments, nt 9~580, 552-901 and nt 770-1139.
In some cases, second round PCR amplifications with nested inner primers were used to provide increased amounts of PCR fragments for sequencing. Briefly, the first round of RT PCR was performed using the outer primer pairs, and amplifications carried out as described above. Five gl of this reaction mixture was added to 45 lal of PCR buffer with 0.15 tXM inner primers, 1 U of Taq polymerase, 1 mu of each dNTP, 5 mM-MgCl 2 and amplified under the following conditions: 95 °C for 1 rain followed by 30 cycles of 95 °C tbr 1 rain, a suitable annealing temperature for 45 s, and 72 °C for 30 s with 3 s extension/ cycle and subsequently 72 °C for 10rain. The primers used for RT PCR amplification and sequencing of the M and S sequent are listed in Table 1 .
Amplified products were analysed by electrophoresis in 2 % agarose gels in Tris-acetate buffer and stained with ethidium bromide, and gel purified using a kit Oetsorb; Genomed, Germany" or Biol01, USA) as described by the manufacturers. Different rooms and sets of pipettes were used for handling samples, for amplification and electrophoresis, and for mixing PCR reagents.
Dideoxynucleotide sequencing analysis (Sanger et al., 1977) was performed using a kit from Amersham (Hot Tub) for manual sequencing or a kit from Perkin Elmer (PRISM) for automated dyedeoxy cycle sequencing according to the manuFacturer's instructions.
For manual sequencing, the primers were either purchased with 5' biotin labelling, or radioactively labelled by incubating 10 pmol of each primer with 8 U of T4 kinase (Amersham) and adenosine 5"-[?'-aaP]triphosphate (Amersham) according to the manufacturer's instructions. The samples were loaded on to denaturing 6% polyacrylamide-urea gels. The gels were run at 50 °C with constant voltage (1400 V). After gel electrophoresis, biotin labelled sequence reactions were blotted on to a nitrocellulose filter (Hybond-N +, Amersham) for 2 h, dried and developed using streptavidin-alkafine phosphatase conjugate (Amersham) and BCIP/NBT (Sigma) as a substrate, and incubated for 48-72h, according to the manufacturer's recommendations. Isotopic sequencing gels were fixed in 10 % methanol and 10% acetic acid for 30 rain, dried on a vacuum gel dryer (Bio-Rad) to sequencing grade filter papers (Bio-Rad) and autoradiographed to Hyperfilm flmax films (Amersham) for 24-72 h.
Nucleotide sequence comparison and phylogenetic analysis. Analysis of nucleotide and deduced amino acid sequence differences among the hantavirus S and M segments and corresponding N and GPC proteins and alignments of these sequences were performed using the LINEUP, PILEUP and GAP programs of the GCG software package. Weighted maximum parsimony analysis of the nucleotide sequences of the S and M segments of MF43 (KBRmf43) and other hantaviruses was performed using PAUP (version 3.1.1) (Swofford, 1991) on an Apple Macintosh Quadra 800 computer. Phylogenetic trees were calculated using the heuristic search option (5 : 1 weighting of transversions over transitions), and bootstrap confidence limits were obtained from 500 heuristic search replicates.
Previously published sequences of hantavirus genomic segments used in this study included the following. S RNAs: SEOsrll, M34881 et al., 1990) ; HTN76-118, M14626 (Schmaljohn et al., 1986) ; SNcc74, L33816 (Li et al., 1995) ; SNccl07, L33683 (Li et aL, 1995) ; SNnmhl0, L25784 (Spiropoulou et al., 1994) ; ELMCrm97, U111427 (Hjelle et aL, 1994) ; ELMCnmk164, U11429 (Hjelle et al., 1994) ; BAY, L36929 ; BCC, L39949 (Ravkov et al., 1995) ; PUUp360, L11347 (Xiao et al., 1993b) ; PUUk27, L08804 (Xiao et aL, 1993b) ; PUUcglS-20, M32750 (Stohwasser et al., 1990) ; PUUudm, Z21497 (Plyusnin et al., 1994b) ; PUUsotkamo, X61035 (Vapalahti et al., 1992) ; PUUevol2, Z30702 PUU83-L20, Z48586 (H6rling et aL, 1995) ; PUU90-13, U22423 (Bowen et aL, 1995) ; PH, M34011 (Parrington & Kang, 1990) ; Tula23ma87, 30945 (Plyusnin et aL, 1994a) ; Tula249mr8, Z30944 (Plyusnin et al., 1994a) . M RNAs: SEOsr 11, M34882 (Arikawa et aL, 1990); SEO80-39, $47716 (Antic et aL, 1991) ; SEOthai, L08756 (Xiao et aL, 1994) ; HTN76-118, M 14627 (Schmaljohn et aL, 1987) ; HTNhojo, D00376 (Schmaljohn et aL, 1988) ; HTNhvI14, L08753 (Xiao et aL, 1993c) ; DOB, L33685 (T. Avsic-Zupanc & C. Schma!john, unpublished); SNccl07, 33474 (Li et al., 1995) ; SNcc74 (Li et aL, 1995) ; SNnmhl0, L25783 (Spiropoulou et al., 1994) ; BCC, L39950 (Ravkov et al., 1995) ; BAY, L36930 ; PUUp360, L08755 (Xiao et al., 1993b) ; PUUcglS-20, M29979 (Giebel et al., 1989) ; PUUsotkamo, X61034 (Vapalahti et al., 1992) ; PUU vran, U14136 (Reip et al., 1995) ; PUU83-L20, Z49214 (H6rling et al., 1995) ; PUU90-13 U22418 (Bowen et al., 1995) ; PH, X55129 (Parrington et al., 1991) .
S segment

Focus reduction neutralization test (FRNT).
End-point titres of neutralizing antibodies were determined by an FRNT as described earlier (Niklasson et al., 1991) . Briefly, immune rabbit sera were serially diluted fourfold and mixed with an equal volume containing 30-70 focus forming units (f.f.u.) of virus/100 gl. The mixture was incubated for 1 h at 37 °C and subsequently inoculated (200 gl) into wells of sixwell tissue culture plates containing confluent Vero E6 cell monolayers. After adsorption for 1 h at 37 °C, the wells were overlaid with a mixture of agarose and basal Eagle's medium, The tissue culture plates were incubated at 37 °C in a humidified 5% CO n atmosphere for 7 days (HTN) or 12 days (PUU, PH and MF). The agarose was removed from the wells and the cells were fixed with methanol. Hmnan anti-PUU virus serum, followed by goat antibodies to human IgG labelled with peroxidase were added to indicate virus infected cells. TMB solution was used as substrate and foci were enumerated. An 80 % reduction in the number of loci was used as the criterion for virus neutralization titres.
Results
The inoculated rabbits were all found to have significant antibody titres ( > 1:160) to the corresponding virus as determined by immunofluorescence. The cross-reactivities of the rabbit sera to other viruses were determined by end-point titrations ( Table 2 ). The high reactivities to heterologous virus showed that classification based on IFA was impossible, although in some instances a fourfold or higher difference in titre was obtained. The two strains MF43 and M F l l 3 were found by nucleotide sequencing to be very closely related: the sequenced parts of the MF 113 M segment (nt 2014-2346 and 2745-2991) differed only by 10 randomly distributed nucleotide substitutions (98"3 % identity) from MF43. Nine of the substitutions were silent, i.e. not giving rise to any amino acid substitutions, and one caused an isoleucine to valine substitution in aa 927. For this reason, the rest of the sequencing work was performed on MF43 only.
All primers used, except primer 10 (M segment), gave PCR fragments of the expected size. When M segment nested R T -P C R was carried out using first round primers 5 and 10, and second round primers 6 and 10, a PCR product larger than the expected size was obtained. This artefact was later shown to be caused by initiation of amplification of D N A synthesis at the approximate position 3200-3240 nt instead of 3101-3117 nt of the M segment due to mismatches (at bases 12, 17 and the terminal 19 base) between primer 10 and the template.
In total, 1165 nucleotides of the M segment (nt 2014-3178) and 1048 nucleotides of the S segment (nt 92-1139) were sequenced (GenBank accession numbers U35254 and U35255, respectively). The nucleotide identities of the M segment of MF43 to the representatives of each serotype were 74.9 (PUU Sotkamo), 73.1 (PH) , 69.4 (SN), 65.1 (SEO80-39), 64.1 (DOB), 64.4 (THAI) and 62.6% (HTN 76-118), corresponding to amino acid identities of 84.0, 80.7, 74.2, 63-6, 62.8, 63-9 and 62 .9 %, respectively. The nucleotide identities of the partial S fragment (nt 92-t139) to PUU Sotkamo, Tula, PH, SN, SEOsrl 1 and H T N 76-118 viruses were 74-8, 72-4, 73.5, 67.9, 61.8 and 61.9%, respectively, corresponding to 85-3, 78"0, 80.2, 69-4, 57-9 and 58 .5 % respectively of the deduced amino acid sequences of the N proteins.
Phylogenetic analysis of the partial S (Fig. 1 a) and M (Fig. 1 b) segments showed that MF43 virus is clearly located on a separate branch in the phylogenetic tree. Its nearest neighbours are the PUU virus strains. The trees obtained for the M and S segments are similar, indicating co-evolution of the two segments.
Cross-neutralization data for all viruses included in Table 3 . Cross-neutralization data for immunized rabbits the study are shown in Table 3 . The sera raised against MF43 in rabbit or rat were shown to have homologous titres of 1:1280 and 1:160 respectively. The sera were also highly reactive with M F l l 3 , with titres of 1:1280 and 1:80, respectively. These two sera showed four-to eightfold lower titres to PUU virus strain Sotkamo but no neutralization activity to PUU 83-L20, PH or H T N viruses. The sera from the rabbits immunized with PUU Sotkamo and PUU 83-L20, with homologous titres of 1:160 and 1:1280, respectively, showed a four-and twelvefold difference, respectively, in titres to both MF strains, whereas no or low activity to PH or H T N viruses could be seen. Also, between PH (homologous titre 1 : 640) and the M F strains, an eightfold difference in titre was observed, whereas the serum from the rabbit immunized with H T N virus only reacted homologously, with a titre of 1 : 640. In summary, the data show that the M F strains do not belong to any previously defined serotype in the genus Hantavirus.
Discussion
Neutralization tests are the most accepted way to serologically classify viruses, although estimates are made using other serological techniques such as immunofluorescence assays or ELISAs with homologous and heterologous antisera or panels ofmonoclonal antibodies (MAbs). Our data using immune rabbit sera in an IFA (Table 2) showed that it was not possible to distinguish between closely related hantaviruses. The cross-reactivities between PUU, M F and PH viruses were extensive, and one of the rabbit sera could not even distinguish between PUU and H T N viruses. In contrast, the crossneutralization data showed that the MF strains represented a new serological group (Table 3) . For hantaviruses, neutralization test data are often lacking as the tests are time-consuming and difficult to accomplish due to slow and low-titre virus replication, and several of the viruses do not readily form plaques in confluent monolayers of cells. In the absence of neutralization data, other techniques have been evaluated, such as PCR and subsequent sequencing of partial M or S segments, for deduction of genotypes by phylogenetic analysis. Phylogenetic analysis of the 333 bp region of the M segment (Xiao et al., 1994) correlated well with serological data (Chu et al., 1994) , and could therefore be useful for classification of new hantaviruses when crossneutralization data are unavailable. However, the primer pair used in this PCR has the drawback that it is relatively low in sensitivity, and when applied to human tissue can amplify a fragment of approximately the correct size (J. H6rling, unpublished), but originating from a transposon-like element (Paulson et al., 1985) .
Two different techniques were employed for manual sequencing analysis, either using radioactively or biotinlabelled primers. It was found that the different methods were equally effective although the non-isotopic is more cumbersome and suffers from lower resolution and sensitivity. For rapid analysis of PCR products, when automatic sequencing is not available, the disadvantages of using radioactivity and the relative expense of autoradiography film makes non-isotopic sequencing an attractive alternative.
To assess the correlation of serological and genetic data, we sequenced considerable parts of the M and S segments of the MF strains. Phylogenetic analysis showed that the M F strains form a new distinct branch in the Hantavirus tree, positioned between the branches of the PH and P U U viruses, with the PUU viruses as the closest neighbours, thereby confirming the cross-neutralization data. Bootstrap analysis of the S segment phylogenetic tree strongly supports MF43 representing a clearly distinct lineage separate from PH and PUU viruses. The M segment tree is also consistent with MF43 representing a distinct lineage, but the node in question is less well supported. This indicates that while sequence and phylogenetic analysis can provide reasonable indications of the uniqueness of hantaviruses, neutralization data remain important to confirm that newly characterized viruses represent distinct serotypes.
The phylogenetic analyses of the S and M segments showed similar patterns, indicating that they have the same evolutionary origin, and provide no indication of reassortment as seen for SN virus (Li et al., 1995) . The MF strains were shown by sequence comparison and phylogenetic analysis of the S segment to be distinct from Tula virus (Plyusnin et al., 1994a) , which would perhaps have been expected to be the most closely related virus since it was detected in M. arvalis and M. ross# aemeridionalis trapped in the European parts of Russia. According to one classification of rodents (Musser & Carleton, 1993) , all the rodent hosts of the hantaviruses analysed here are members of the family Muridae. The viruses (PUU, Tula and PH) isolated from rodents in the subfamily Arvicolinae (Microtus and Clethrionomys) form a distinct clade or major branch in the phylogenetic tree. This is separate from the distinct clades containing viruses (SN, ELMC, BAY and BCC) isolated from, or associated with, rodents in the subfamily Sigmodontinae (Peromyscus, Reithrodontomys and Sigmodon), and viruses (HTN, SEO and DOB) isolated from rodents in the subfamily Murinae ( Apodemus, Rattus and Bandicota). It can be seen that in general, the phylogenetic relationship of hantaviruses correlates more closely with the phylogenetic relationship of their rodent hosts (consistent with virus rodent co-evolution) than with geographical distribution (Fig. 1) . However, the MF viruses (from M. fortis) were more closely related to PUU virus strains (from C. glareolus) than to PH virus (from M. pennsylvanicus), which may reflect the fact that both MF and PUU viruses are from the Old World, whereas PH virus is present in North America. Epitope mapping using patient sera and MAbs has shown that an important antigenic region of N is positioned between aa 251-260 . Interestingly, the PUU virusspecific MAb 3H9 also reacts with MF43. Comparison of amino acid sequences in this region shows that MF43 and the different PUU virus strains have six conserved amino acids in positions 251-256 (boxed in Fig. 2 ), indicating these as the MAb epitope. The preceding seven amino acids are also conserved between MF43 and all PUU strains, except for PUU 90-13, in which an isoleucine has been substituted to leucine, and a glutamic acid into aspartic acid which, considering the characteristics of these substitutions, should not cause any major differences in the secondary structure of the protein. In a previous study using MAbs for antigenic comparisons, the MF strains were also shown to be most closely related to PUU virus (Dzagurova et aL, 1995) . This relationship does not, however, appear to correlate with geographical location, as seen among viruses within the PUU serotype (Plyusnin et aL, 1994b) , as the phylogenetically closest PUU virus is the Central European strain 90-13, a virus isolated from an HFRS patient in France (Rollin et al., 1995b; Bowen et al., 1995) , not the Russian (P360, K27, Cg18-20, Udm) or Finnish (Sotkamo, Evo) strains. More detailed genetic analysis of rodent hosts may reveal that Old World Microtus rodents may be as distant from New World Microtus rodents as they are from Clethrionomys rodents.
Our cross-reactivity data generated by immunofluorescence showed that although the homologous titres of each rabbit were high, it was not possible to separate the MF strains from PUU or PH. This implies that serological diagnosis in areas where both viruses may be present cannot be performed by IFA, since it would not be possible to separate a PUU virus infection fi'om a MF infection.
In conclusion, we have analysed two hantaviruses, MF43 and MF 113, isolated from rodents of the species M. fortis, by neutralization tests and sequence analysis. The viruses were shown to be phylogeneticalty distinct from other hantaviruses, and to belong to a new serotype. We propose that this serotype, with MF43 as the prototype, should be named Khabarovsk (KBR), after the location where the isolates were made.
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